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TURBULENCEINTHEWAKEOFA THINAIRIUCL

ByGeorgeS.Cempbell

SUMMARY

.

“

cl1445?a

ATLOWSPEEDS

Bqx2rtientshavebeenmadetodetenntiethenatureofturbulence
inthewakeofa two-dhensional=lxfoilatlowspeeds.Theexperi-
mentsweremotivatedbytheneedfordatawhichcanh usedforanalysis
oftheMl-buffethgprobleminaircraftdesign.Turbulentintensity
andpowerspectraofthevelocityfluctuationsweremeasuredataA
Rsynoldsnuuberof1.6x d forseveralanglesofattack.Total-head
measurementswerealsoobttiedh anattempttorelatesteadyand
fluctuatingwakeproperties.

Mean-squaredowmwashwasfoundtohavenearlythesamedependence
onverticalpositioninthewakeasthatshownbytotal-headloss.
Forthisparticularwing,turbulentintensity,integratedacrossthe
wake,increasedroughlyasthe3/2powerofthedragcoefficient.

Power-spectrummeasurementsindicateda decreaseinfrequencyas
wingangleofattackwasincreased.Theaveragefrequencyinthewake
wasproportionaltotheratioofmesnwakevelocitytowakewidth.

INTRODUCTION

Thestudyofvelocityfluctuationsinthewakeofanairfoilis
of3nterest incormsctionwiththebuffetingproblem.fionefom of
buffeting,referredtoastailbuffeting,thehorizontaltaflofthe
aircraftisimmersedinthewakeofthewingforcertatianglesof
attack.Ifthewakecontahssufficientturbulentenergy,asitmay
duetoseparatedflowoverthewing,theaircraftmayexperienceun-
destiableloadfluctuations.Itmightbementionedthatbuffetingis
notalwaysundesirable,asitisoftenusefulasanadvancew.arn3ng
againstdangerousstabilitydeficiencies.

A recentbookonaeroelasticity(ref.1)hassummarizedthere-
sultsofsometivestigationsoftailbuffeting.Fromthissmmary,
itappearsthattherehasbeenconsiderableworkdoneonbuffeting
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forhighanglesofattack,butthatthereislittleinformationavail-
ableonthepossibilityofbuffetingatlowerangles.Theuseof
increasinglythinnerwingsectionsintroducesthelikelihoodofleading-
edgeseparationatlowanglesofattack(ref.2). Althoughthistypeof
separationusuallydisappearsattransonicMachnwnbers,itb generally
replacedbyseparationkehindthemaincompressionshock.~ either
case,theoccurrenceofsuchseparatedflowsatlowanglesofattack
wouldbeexpectedtocausebuffetingdifficulties.

A usefulapproachforthestudyofmostofthevarioustypesof
tailbuffetinghasbeenprovidedinreference3. In this paper,buffet-
ingwasconsideredtobetheresponseofa linearsystemtoa random
forcingfunction.~ ordertopredicttheresponseofanelasticstruc-
turetoturbulentvelocityfluctuations,onemustknowthepowerspectrum
oftheturbulence,theaerodynamictipedanceoftheMting surface,and
thefrequencyresponseofthestructure.Nonstationarywingtheorymay
beusedtoestimatetheaerodynamicimpedancefunctionsofvariouslift--1
ingsurfaces~.Thedetezmhationoftk frequency-responsecharacter-
isticsofaircraftstructureshasreceivedsufficientattentionovera
periodofyearssothatthisportionofthebuffetingproblemmaybe
consideredsolved.Theremainingquantitynecessaryfortheanalysis
oftailbuffetingisthepowerspectrumofturbulenceinthewakeofthe
forw~dliftingsurface.Uptothepresenttime,ithasbeennecessary
toassumethattheturbulenceisisotro~icorthatitpossessesa dis-
cretefrequencycorrespondingtoa K&wanvortexstreet.However,it
isevidentthatmeasurementsofthepowerspectraofturbulencebehind
wingssrenecessa~beforethegeneralstatisticalapproachtobuffeting
canbefullyutilized.

.

.

Theprimarypurposeofthepresentinvestigationhasbeenthe
measurementatlowspeedsofthepowerspectrumofturbulencebehinda
thin,two-dimensionalairfoil.Thetestswezemadebymeansofthe
usualhot-wiretechniquesformeasuringvelocityfluctuationsinturbu-
lentflow(ref.!3. AngleofattackwasvariedfromO to22degrees,

5andtheReynoldsnumberformostofthetestswasabout1.6x 10. It
mightbeexpectedthattheresultecouldbeappliedathigherReynolds
numbersprovidedthewingexhibitsthetypeofleading-edgeseparation
shownbytheairfoilinthepresenttests.Total-headsurreysand
surface-tuftstudiesweremadeh ordertodeterminethestaticcharacter-
isticsofthewinganditswake.Whereverpossible,snattempthasbeen
madetorelatethepowerspectrumofturbulencetothemeanproperties
ofthefluw.

.

1A recentexperimentalinvestigation(ref.h)confizms,ingeneral,
theapplicabilityofclassicalnonstationarywingtheorywhentheveloc-
ityfluctuationsareofa randcmnature.

—

.

—

.
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ThisresearchwasconductedattheCaliforniaInstituteofTech-
nologyundertheguidanceofH.W. LiepmannwMle theauthorwasa
holderofa HowardHughesEWlowship.

APPARATUSANDTESTS

WindTunnel

TheexperimentsofthisinvestigationweremadeintheGALCIT
20-by20-inchlowturbulencewindtunnel;a diagramofthetunnelis
presentedinreference6. Theturbulencelevelofthetunnelisabout
0.03percent.

Mostofthepresenttestswereconductedatvelocitiesofabout
SOfeetpersecond.Wee-streamvelocitywas,ingeneral,measured
ustiga pitot-statictubeandamicrcmanometer.Atlowerspeeds,
however,itwasfoundconvenienttomeasurevelocitybyobservhgon
anoscilloscopethefrequencyofvorticesshedfroma referencecylin-
der.A descriptionofthisprocedureisgiveninreference7.

Thetraversemechanismforpositioninghot-wireandtotal-head
probesisthesameastheonedescribedh reference7.

The

Airfoil

A two-dimensionalairfoilof&tichchordspannedthetestsection.
airfoilsectionwasa l/8-inchthickflatplatewitha blunttrail-

ingedgeanda roundednose”.Theleading-edge-radiuswasappr-ately
halfthesirfoilthickness.Thewingwasmadeofsteelandwastested
ina smoothcondition.

Allmeasurementsweremadebehindthecentersectionofthewing
5span.Reynoldsnumberformostofthetestswasabout1.6x 10 .

A total-head
thew5ngtrailing

Total-HeadSumeys

surveyofthewakewasmadeone
edgeusinga total-hesdtubsof

chordlengthbehind
O.108-inchouter

diameter.Profile-&agcoefficientwasobtainedbyintegratingthe
total-headprofile -

~ = ~+$ d(:) (1)
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This formula
surveyplane

isexpectedtogivequitesatisfactoryaccuracywiththe
onechordfromthetrailingedge(ref.8). .

Hot-WireApparatus

Theusualmethods,ofhot-wireanemometry(ref.~)wereusedto
measurefluctuatingvelocitiesintheairfoilwake.HotWiZW3 of0.1
milplatfiwnorplatinum-rhodiumwereusedforallmeasurements.For
measurementsofthelongitudinalvelocityfluctuation,U2,a l/8-inch
longwirewassolderedtothetipsoftheprobe.Transversevelocity
fluctuationswereobtainedwitha probehavingtwowiresof0.2inch
lengthinclinedatanglesof: 30 degreesfromthestreamdirection.

A considerablesavingintestingtimewasaccomplishedbyamitting
hot-wirecalibrations.Reliablerelativemeasurementsoftheturbulent
velocityfluctuationscouldbeobtainedinthismannerprovidedthe
hot-wireapparatuswaslinear.Itisestimatedonthebasisofdata
fromreference9 thatthedownwashprobesofthepresentinvestigation
shouldbelinearforfluctuationsuptoaboutA 2g0.Theoverall
linearityofthehot-wtreapparatuswascheckedW observationof
oscilloscopetracesofthehot-wheoutput.Thepresenceofnonl3n-
earities(suchasthosewhichcouldbeintroducedbyexcessivelyhigh
amplifiergains)generallyresultedinflattopstoanotherwiserandom
oscillographtrace.

Thefrequencyresponseoftheamplifierusedforthehot-wire
measurementswasflatforfrequenciesof1/2to2g,000cyclesper
second.Thepost-amplifierwasprovidedwithresistance-capacitance
compensationwhichwasadjustedbytheusualsquare-wavemethod.In
otiertominimizenoisea 10kilocyclecut-offfilterwasusedinthe
presentmeasurements.

.

. . .

ElectronicIkmw&ments

Intensityoftheturbulentvelocityfluctuationswasdetendned
bymeansofanaverage-readingvacuum-tubevoltmeter.Althoughthe
voltmeterwascalibratedtogiveR&Evaluesforsinusoidalvoltage
variations,thetistnmentdidnotprovidetrueRMSintensitiesfor
rsndominputs.Onthebasisofturbulencemeasurementswitha statis- .-
ticalanalyzer(ref.7),thedifferencebetweentrueandindicated
RMSisexpectedtobelessthan10percent.

Power-spectraldensitywasmeasuredwitha Hewlett-Packardmodel
300Awaveanalyzer.A constsnthalf-bandwidthof30cyclespersecond,
basedonanattenuationof40decibels,wasusedforallmeasurements. ......
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Thefilteringcharacteristicsofthewaveanalyzerareshownh figure
1 forthe30cyclebandwidth.Thefrequencyrsngeoftheanalyzerwas
abut30- 16,OOOcyclespersecond.Theoutputwasreaddtiectlyfrom
theinstrumentsvoltmeter,sndsothevaluesobtainedweresubjectto
thesaneerrorsforrandominputsasweretheintensitymeasurements
describedinthepreviousparagraph.

ACCURACY

Fanl%equency

Ofthefactorsaffectingtheaccuracyofmeasurementsofpower-
spectraldensity,therotationalspeedofthewtid-tunnelfanisoneof
themostimportant.Themotorandfanwerequitewellisolatedfrom
thetestsectionsothatvibrationswerenottransmittedtothehot-
wiremount.However,periodicpressurefluctuationswerefoundtobe
transmittedupstream,andsoa testwasmadetodeterminetheeffect
oftunnelfanrotationonpower-spectrummeasurements.Downwashveloc-
itiesareofprimaryinterest,andsodownwashspectraareccmpared
h figuzw2 fortwofanspeeds.Thessmefree-stzeamvelocitywas
maintainedbyintroducinga screenjustaheadofthefanforoneofthe
tests● Withoutthescreen,thepeakh thedcwnwashspectrumoccursat
nearlythesamefrequencyasthefanlssecondharmonic.However,the
downwashspectrmhaspracticallythesamesha~whenthefanandwing
peaksdonotcoincide,i.e.,whenthescreenisadded.Therefore,it
maybeconcludedthatthefanisnotthecauseofthepeakintk down-
washspectrum,eventhoughitdoessomewhatmodifythespectrum.

Noise

Thenoiseintroducedbythemeasuringapparatuswasgenerally
smallandwassubtractedfromthetotaloutput.Nearthecenterofthe
wake,theratioofsignal.tonoisewasgreaterthan100to1 forRMS
turbulenttitensity.Measurementsat60cyclespersecondwereusually
highbyabout3 percentduetopickupoflinefrequency.Thegreatest
uncertaintyinthespectrummeasurementsoccurredatthelowestfre-
quency,30cyclespersecond,duetothecharacteristicsofthewave
analyzer.

WallInterference

OnthebasisofananalysisbyGlauert(ref.10),theStrouhal
numberofthevortexstreetobtainedatanangleofattackof21.7
degreesinthepresentinvestigationshouldbeabout6 prcenthigher
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thanthevalueobtainedina streamofunlimitedwbent. Thisisalso
themagnitudeofthecorrectionnecessarytobrfigthe resentresults

YintoagreementwiththoseofFageandJohansen(ref.11,obtainedfor
thesamesizemodelinamuchlargert~el. Thecorrectionsto
Strouhal.numberatloweranglesofattackareproportionatelysmaller.
Itappearsthatwallcorrectionsforpowerspectraandturbulentin-
tensitiesarenotpresentlyavailable.Inofiertohaveconsistency
betweenStrouhalnumbersandpowerspectra,alldataam therwforepzw-
sentedwithoutapplyinganycorrectionsforwind-tunnelwallinterference.

—

Hot-WireLengthCorrections
—

Thegeneraleffectofthefinitelengthofa hotwireistoreduce
thevoltageacrossthewireasa rcsul.tofimperfectcorrelationofthe
velocityfluctuationsatdifferentpointsofthewire.-Forisotropic
turbulence,esttiatesofthecorrectionstointensitymaybequite
simplyobtained(references12arid13,forexample).

—
Inexperimental

measurementsofthespectrumofturbulencetehindgrids(ref.6),cor-
rectionstothepower-spectraldensitywerefoundnegligibleforreason-

.

ablehot-wirelengths.Unfortunately,theestimationoflengthcorrec-
tionsforthepresentinvestigationisgreatlycomplicatedbytheuse
ofa two-wireprobeina fieldwhichbearsscantresemblancetoisotropic

.

turbulence.Inviewofthisuncertatity,lengthcorrectionshavenot
beenappliedtothedata. ———

RESULTS

WakeEnergyDistribution

Twomeasuresofwakeenergywereobtainedinthepresentinvestiga-
tion:total-headlossandthemean-squareofthedownwashfluctuations.
Astotal-headmeasurementsareconsiderablysimplerthanhot-wire
studies,itisdesirabletodeteminewhetherpropertiesoftheturbu-
lentflowcanberelatedtothesimplermeanflow.

Presentedinfigures3-7arethewakeprofilesobtainedfrom
total-headandhot-wiresurveysata distanceofonechordlengthfrcm
thewingtrailingedge.Theprofileshavebeennormalizedtounit
area;thepositionofthetrailingedgerelativetothewakecenteris
tidicatedon-thecurves.Itisseenfromtheseresultsthattheshape
oftheturbulentvelocityprofilescloselyresemblesthatofthetotal-
headprofiles.Themaindifferencesarethemoregradualdecayofthe
turbulentvelocitiesattheouteredgesofthewakeandthescrnewhat
sharperpeaksforthetotal-headloss.

.

.

..
-..
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Wskewidthsfromfigures
angleofattackinfigure8.

3-7 have beenplottedasa functionof
Indefiningwakewidth,theedgeofthe

7

wakeisarbitrarilytakenasthepointatwhichtotal-headlossorw<
isone-tenthofthemaximumvalue.Itisseenfromfigun+8thatthe
wakewidthsobtainedfranthetotal-headsurveyandthew measux’e-
mentsareincloseagreementfortheangle-of-attackrangefivestigated.
ItshouldbementionedthatwakewidthsbasedonprofilesoftheMS

turbulentvelocity,r
Tw ,wouldnecessarilybelargerthanthepre$ent

wakewidths,whicharebasedonthemean-squarevelocity.

A comparisonofthetotal-headprofilesforanglesofattackfrcan
O toUdegreesispresentedinfigure9. A similarcomparisonfor
the~measurementsisgiveninfigure10.
-7

Forbothtotalheadand
w theprofileshapesexhibitapprcccimatesimilarityfortheangle-
of-attackrangetivestigated.

Variationofthewingdragcoefficientwithangleofattackis
showninfigure11. Thisresultwasobtainedbyintegrationofthe
total-headprofilesmeasuredonechordlengthbehhdthewingtrailing
edge.Theabruptriseindraginthevicinityof3 degreesangleof
attackapparentlyresultsfrcmseparationofthebounderylayeratthe
leadingedgeofthewing.Itwasobservedd-g a ,@nitedtuftstudy
thatflowwas~remelyirregulsrovertheent~ uppersurfaceofth
wingat6degreesincidence.Flowoverthewingwassmocthat2
degreesexceptfora smallregionofmoderatelyirregularflowatthe
leadingedge.

Variationoftherelativeintensityofthedownwashfluctuations
withangleofattackispresw+tedinfigure12. Thesevalueswere
obtainedbyintegratingthew profilesmeasuredonechordlength
behindthewingtrailingedge.Theintensityofthedownwashfluc-
tuationsincreasedsharplyatthehigheranglesofattack,probably
duetotheocc~nce ofleading-edgeseparation,aspreviouslydis-
cussed.

Turbulentdownwashintensityisshownasa functionofdrag
coefficientinfigure13. Integrated~ intensityincreasedapproxi-
matelywiththe3/2powerofthedragcoefficientinthesetests.
Whenthelocslintensityata givenpointh thewske,suchasthe
wakecenter,isplottedagainstdrag,thevariationisnearlylinear.
A la~epartoftheincreaseintitegra~dtntensityisduetothe
broadeningofthewakeatthehigheranglesofattack.
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PowerSpectraoftheDownwashFluctuations

.s

8.

Effectofangleofattackandwakeposition.- Theresultsof
measurementsofthepowerspectraof thedownwashfluctuationsonechord
lengthbehindthewingtrailingedgearepresentedinfiguresU to20
foranglesofattackfromO toU degrees.Ingeneral,thepowerspectrum
wasmeasureddirectlybeldndthewingtrailingedgeandalsoatthsouter

—

edgeofthewingwakeateachangleofattack.Therelativeheightof
theturbulenttraceforthetwopositionsinthewakemaybeseenfrcm
thewakeprofileofRMSdownwashatthetopofeachfigure.Thevertical
ticsonthewakeprofilesshowthepositionatwhichpowerspectrawere
measured.

A constanthalf-bandwidthof30cyclespersecond,basedon40
decibelsattenuation,wasusedforallspectrummeasurements.Thefilter-
ingcharacteristicsofthewaveanalyzerareshowninfigure1. .—

Fromfiguresu to20itisseenthatwingangleofattackhasan
importanteffectonthepowerspectrumofthedownwashvelocity.The
spectrmnatzeroincidence(fig.u) isdominatedbythediscxetefre- “
quencycorrespondingtoa vortexstreetshedfromtheblunttrailing
edgeofthewing.At3-1/2degreesangleofattack,thetrailingedge
vortexstreetisstillappsrent,butthebulkoftheturbulentenergyis

“

spreadovera broadbandoffrequencies. .—
.—

Withfurtherincreaseinangleofattack,thedownwashspectrum
nearthewakecentershowsa progressivedecreaseinthepredominantfre- -
quencies.Thebulkoftheturbulentenergyisconcentratednearthe
wakecenter,andsoa generalconclusionfromthisdataisthatwakefre-
quencydecreasesaswingincidenceisinc=ased.

ml-hdegreesangleofattack(fig.20),a vortexstreetisformed
behindthestslledwing,andthemeasuredspectrumcorrespondsessen-
tiallytoa deltafunctionwhichisspreadoutbythefinitebandwidth
ofthewaveanalyzer(fig.1). Atfirstthought,itseemsunusualthat
thefrequencymeasurednearthecenterofthevortexstreetisnotdouble
thefrequencyatthewakeedgesbecauseoftheinfluenceofbothrowsof
thevortexstreet.Therefore,a calculationofthevelocitiestiduced
bya vortexstreetwasmadeusingtheequationsofreference~. Thel
resultsarepresentedinfigure21,alongwiththegeanetryoftheas-
sumedvortexstreet.Theuppergraphinfigure21givesthevariation
ofthelongitudinalinducedvelocity,u,withdistancealongthevortex
streetsandthelowergraphpresentsthe-variationofinduceddownwash,
-w. Theinducedvelocitieswerecalculatedalongthecenterofthevor-

.

texstreet(z= O)andalsoalonga linelocatedabovethevortexstreet
(z= b). Asexpected,thepredominantfrequencyoftheu velocityin *
thecenterofthewakeisdoublethefrequencyoutsidethevortexstreet.
However,thedownwash
quencydoubling;this

velocityinthews& ce%srdoesnotshowfre-
resultisinagreementwiththemeasurementsof ----

. .<,-.
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thedownwashpowerspectrumpresentedinfigure

Belowthestallingincidence,thedownwash
broadernearthecenterofthewakethanatthe
wake.Moreover,thepredominantfrequenciesat

9

20.

spectrumismuch
outeredgeofthe
theedgeofthewake

arepracticallyindependentofwingincidenceforanglesofattack
from6 to14degrees.Becausethereisverylittleturbulentenergy
b theouteredgesofthewake,subsequentanalysisofthedatawill
be,forthemostpart,basedonthespectrummeasurementsdirectly
bekdndthewingtrailingedge(Z= O).

Relationbetweenfrequencyandwakewidth.Thedatapresented
infigures14to20showthatthepredominantfrequenciesinthewing
wakegenerallydecreaseasthewakewidthincreases,~ orderto
illustratethisresultmoreexplicitly,itisconvenienttodefine
anaveragefrequencyfortheturbulentpowerspectrun.Theaverage
wakefrequency,nav,isdeftiedasthefrequencywhichdividesa
powerspectrumintotwoequalareas.h figure22thereciprocalof
theaveragewakefrequencyisplottedagainstaneffectivewakewidth,
definedasthewakewidthdividedbyaveragewakevelocity.Theex-
perimentsshowthattheaveragewakefrequencyisinverselypropor-
tionaltotheeffectivewakewidth.Inotherwords,a non-dimensional
frequencyorStrouhalnumberbasedonwakewidthandwakevelocityis
nearlyconstant.Thisresultish agreementwitha recentcorrela-
tionbasedonfree-streamlinetheoryfora seriesofbluffbodies
(ref.15).

A linelabeled~jnstabilitytheoryllinfigure22wascalculated
usingtheinstabilitytheoryofwakespresentedinreference16. The
possibilityof.applyingstabilitytheorytoa turbulentvelocity
profilehasneverbeenfullydiscussed.2Instabilityoflaminarshear
flowsgenerallyimpliestheeventualformationofa turbulentflow.
Whentheflowisalreadyturbulent,themeaningofaninstability
calculationisfarfromclear.However,eveninlaminarflowonlythe
verybeginningoftestabilitycanbehandledbya lineartheory;it
isnotimpossiblethattheapplicationofstiar considerationsto
turbulentflowcouldprovideinterestingresults.For=ample,itis
knownthatI&m&nvortexstreetsandthree-dimensionalTaylorvortices
mayexistevenh turbulentflow.Therefore,itistiterestingto
ccmputethefrequenciespredictedforneutralstabXl_ityandtocom-
parethesefrequencieswiththemeasuredresults,asinfigure22.
Instabilitytheorypredictsthesameinverserelationshipbetween
frequencyandeffectivewakewidthshownbytheexpertientalmeasure-
ments.Althoughtheactualmagnitudeofthepredictedfrequencyis

2Afewremarksconcerningtheexistenceofa large-scalestructure
h turbulentshearflowshaveteenmadeinreference13.
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incloseagreementwiththemeasuredresults,thisisverylikelycoin-
cidental.Firstofall,thetheoryassumesneutrallystabledisturb-
anceswhereasamplifieddisturbanceswouldprobablybemoreimportant .
inanymal flow.Also,differentaveragefrequenciescouldbeob-
tainedfromthemeasuredspectradependingonthemethodchosento
defineanaveram.DetaXLsofthestabilitycalculationarepresented
h Append3xB.-

Relationbetweenfrequencyandprejectedwingchord.- Ithasbeen
observedinseveralinvestigationsthattheStrouhalnumberbased6n
theprojectedchotiofawfigisnearlyconstantforanglesofattack
abovethestall(ref.1). Inordertodetezmdnewhethersucha constant
StrouhalnumberisobtainedforsmalJ_eranglesofattack,theaverage
wakefrequencies,nav,obtainedfrommeasuredpowerspectraemsshown
infigure23asa functionofprojectedairfoilbreadth.Thisprojected
bz%adthisdefinedasthetotalairfoilprojection,whichincludesthe
finitethicknessofthewing.Thelinelabeled%mpiricalncorresponds
toa constantprojectedStrouhalnumberobtainedbyextrapolatingthe
frequencymeasuredforthestalledwing(a = ~“). .

Theempiricalextrapolationgivesa reasonablepredictionofthe
averagewakefrequencyexceptforanangleofattackof3-1/2degrees.
Atthisangleofattacktheairfoildoesnothavetheleading-edge

.

separationthatoccurredathigherangles,andsoitisnotsurprising
thatwakefrequencyisnotrelatedtoprojectedchord.Whenfrequency
isrelatedtowakewidthtisteadofprojectedchord,theunseparated
flowconditiondoesnotpresentthisdifficulty.Therefore,itappears
thatwakewidthismoresuitablethanprojectedchordforcorrelattig
frequencymeasurements.

Power

Although

SpectraoftheLongitudinalandSpanwise

downwashfluctuationsaregenerallymore

Velocities

effectiveasa
causeofbu~fetingloads,thepowerspec&aoft-blongitudinaland
spanwisevelociti&arenecess~~for-morecompleteun&rstandingof
turbulentwakes.Longitudinalvelocityspectraweremeasuredforan
angleofattackof6 degreesatseveralverticalpositionsh thewake,
andtheresultsareshowninfigures24and2s. Thecorresponding
dawnwashspectraarepresentedinfigures26and27.

Lookingatthedataasa
erallyhavepronouncedmaxima

U2andW2spectraaresimilar
thewake,butthespectraare

whole,theU2andW2powerspectragen- .

atvaluesof‘c= 0.65or1.30.Therm
toeachotherovertheouterportionof

.

markedlydifferentnearthewakecenter.

—-
-.——
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h ordertodeterminewhetherthewingwakeresemblesa vortex
streetatthisangleofattack,thevelocitiestiducedbya vo~
street(fig.21)wereexpressedintermsoftheirFouriercoefficients.
Theresultingharmonicanalysisofanideslizedvortexstreetis
presentedinfigure28forseveralverticallocationsabovethecenter
ofthevortexstreet.TheftrstandsecondFouriercoefficientsfor
theuvelocityareontheleftofthefigure,andthecorresponding
downwashcoefficientsareontheright.Comparingthecalculated
resultswiththemea~urementsgiveninfigures24to27,itisseen
thatthemeasureddatadonotshowconsistentagreementwiththecal-
culations.Therefore,itseemslikelythatthestructureofthewing
wakeatlowarglesofattackismorecomplicatedthanthatofa stiple
vortexstreet.

h figure29theU2spectrumdirectlybehindthewingtrailing
edgeiscomparedwiththespectrumofthespanwisevelocitycomponent.
Thesespectramaybecomparedwiththespectraforisotropicturbu-
lence.ThelongitudinalorU2spectrumofisotropicturbulencehas
beenobtainedexpertientallyintheinvestigationsofreferences6
and17. Fransuchresultsthetransversespectramaybecalculated
usingthecontinuityrelationforisotropicturbulence(ref.18).
Measurementsofthelongitudinalspectrummaybeapprm&natedbythe
relation

andthecorresponding

Fl(n)= ‘$ ~
m (14 &2)

transversespectrumis

F2(n)= &
+
1 + 3#)

m(l+ )2

Thevariable& isa non-dhmsionsl

&=#-
03

frequencygivenby

andL istheturbulentmacroscaleofthelongitudinal.velocity

(2)

(3)

(4) ●

(5)
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Theisotropicpowerspctrashowninfigure30werecalculated
forthesamevalueofL asthatmeasuredinthewingwake,figure29.
Comparisonoffigures29and30indicatesthattheU*andV2spectra
nearthecenterofthetig wakearesimilar,respectively,tothe
longitudinalandtransversespectraofisotropicturbulence.This
similaritywasnotshownatotherverticalpositicmsinthewake,al-
thoughpartofthetotalturbulentenergymaystillbeattributableto
anisotropic-liketurbulence.

EffectofIYee-StreamVelocity —

Theresultspresentedsofarwereobtainedat-afree-stream
velocityofaboutSOfeetpersecond.h ondertodeterminewhether
themxmltimaybeusedforotherfree-streamvelocities,representa-
tivetestsweremadeata lowervelocity.Theseadditionaltestsdo
notprovidesignificantinformationontheeffectofReynoldsnmber
variation,butshouldfacilitateinterpretationoftheresults.

—
For

example,itisgenerallyassumedthataerodynamicfrequenciesare .
proportionaltovelocity,andsothisassumptionshouldbe checked.

Wake-energydistribution.- Thefluctuating-downwashprofikis .
shownh figure31forvelocitiesof30and~9feetpersecond.Although
theprofileissamewhatsteeperforthelowervelocity,thewakewidth
ispracticallyunaffectedbythevelocitychange.Theoveralleffectof
thevelocitychamgeontheprofileisnegligible.

—

Discretefrequencies.- Theeffectofvelocityontheperiodic
wakebehind theblunttrailingedgeoftheflat-plateairfoilisshown
k figuw32forzeroangleofattack.Atthehighervelocities,fre-
quencyisproportionaltovelocity.TheStrouhalnumber,~ ,ofthe

m
fluctuations,basedontrailing-edgethickness,is0.24,whichisin
goodagreementwiththeStrouhalnumberof0.23obtainedinreference19
fromschllerenobservationsofthevortexstreetbehinda blunttrailing-
edgeairfoil.Forvelocitiesbelowabout20feetpersecond(fig.3Z),
thefrequenciesinthewingwakebecomenonlinearwithvelocity.This
correspondstoa decreaseinStrouhalnumberforReynoldsnumbers
below103,withRe~oldsnumberbasedontrailing-edgethickness.The
Strouhalnumberof.acylinderalsoshowsa decreaseforReynoldsnum-

3 (Seefig.L49,ref.20.)hersbelow10 .
..

Velocityfluctuationsinthewakewerealsoperiodicabovethe
stallingangleofthewing.Theeffectoffree-streamvelocityonwake -
frequencyisshowninfigure33fortwoanglesofattack.Overthe
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Reynoldsnumberrangeofthesetests,frequencyispropotiionalto
velocity.TheStrouhalnumberbasedonprojectedchordis0.19for
a = 14.5°and0.18fora = 21.7°.Inthediscussionoftheaccuracy
ofmeasurements,itwasnotedthatthesefrequenciesareprobably
slightlyhighduetowallinterference.Nevertheless,thevaluesare
wellwithintherangeofStrouhalnumbersobtainedinvariousinves-
tigationsofvortexstreetsbehindstalledplatesandairfoils(ref.1).

Powerspectra.- Thepowerspectrumofdownwashfluctuations
behindthewingatamoderateangleofattackisshowninfigure34
fortwovaluesofthefree-streamvelocity.Roughlyspeaking,the
nomnslizedpower-spectraldensityisuniquelydependentontheusual
frequencyparameter,~ , forthetwovelocities.Someofthedis-

agreementbetween
mentofhot-wires
case,theoverall

“a)
thetwospectraverylikelyresultsfranthereplace-
duringtheintervalbetweenthetwotests.Inany
agreementofthespectraappearsquitesatisfacto~.

Predictionof

DISCUSSION

RMSLiftinTailBuffeting

FormulasforthepredictionoftheRMSliftfluctuationsona
tdl surfacelocatedina turbulentwakehavebeengiveninreference
21. However,h ordertoobtainexplicitresults,itwasnecessary
toassumethattheturbulencestrikingthetailsurfacewasisotropic.
Theeffectofthisassumptionmaybeevaluatedbyusinganactual
powerspectrmmeasuredintheseteststocalculateRMSliftona
hypotheticaltailsurface.

A convenientrelationforcalculatingmean-squareliftwasde.
rivedinreference21,and,exceptfora slightdifferenceinnotation,
therelationis:

(6)

Theassumptionsonwhichthisequationisbasedare: (1)thetail
aerodxcs maybedescribedbya two-ckbnensionaladmittancefunc-
tion,~(k);(2)thescaleofturbulenceislargecomparedwiththe
tailspan.

Itisevidentfranequation6 thatcertainparameters,suchas



&

velocityandwingohord,mustbeassumedin
mean-squareliftcoefficient.However,the
tionsaremadeifeauation6 ismodifiedso

NACATMU27

..
ordertocalculatethe
minimumnumberofassump-
astoincomoratea useful .

similarityproperty-ofthepowerspectrum;namely,that-

UoF(n)

()

nc
=fn—

c Um

—

as seenfromfigure34e Thenequation6 becomes

- = r’f”(a$(%5‘(i)o

(7)

—

(8) .

.—
.

Theobjectoftheltitcalculationmaynowbedescribedmore
explicitly.Usingthesametailsurfaceandaero@mmicadmittance

function,q/2 istobecalculatedfora powerspectrummeasured

behindthewing(fig.17,z =O)andcomparedwitha.simikrresult
calculatedforthetransverseisotropicspectrum(fig.30). The
aerodynamicadmittanceofa tailhavinget/c= 0.2wascalculatedusing
equation13ofreference3,andtheresultisshowninfigure3s. For
thistailsurface,thecomparisonofRMSliftforanactualwingdown-
washspectrumwiththeRMSliftforisotropicturbulenceisasfollows:

SPECTRUM

[

17
F=

a2

wing 0.37

Isotropic 0.41

.—
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.

Fromthiscomparison,itisevidentthattheexactshapeofthe
turbulentpowerspectrumhasarelativelysmalleffectonthemean

. liftfluctuationsexperiencedbya tailsurface.A simpleclosed-form
—.

expressionisavailableforcalculatingcL*/a2 inisotropictur-
bulence(equation28ofreference21),andtheabovecomparisonshows
thatthisequationshouldbequiteusefulforpredictingtheRKSlift
ona tailinthewakeofa wing.However,inordertoapplythe
formula,itisnecessarytoestimatethemacroscaleoftheturbulence
strikingthetailsurface.Forthecomparisonjustpresented,the
turbulentscalewasobtainedfroma measuredU*spectrumusingequation
~. Suchresultsarenotusuallyavailabletodesigners,andsoitis
necessarytohavea simplermeansofestimatingthescaleofturbulence
ina wingwake.A possiblemethodforobtainingsuchanestimatewill
nowbediscussed.

Theturbulentscsle,L,maybeusedtodefinea characteristic
frequencybysimpledimensionalanalysis:

*

.

TJm
n.— (9)

2nL

Itmightbe~ected thatthisfrequencywouldcorrespondtothepre-
dominantfrequencyintheturbulence,andthisassumptionmsybe
checkedusingthedataofthepresenttests.Thecharacteristicfre-
quencycalculatedfromtheU*spectrumoffigure29andequation9
wasfoundtobenc/U@= 1.24.Thisfrequencycorrespondsatiostn
exactlytothepredominantfrequencyintheW&powerspectrum,figure
17. Therefore,equation9 provides,a simplemeansofestimatingtur-
bulentscalebecausewakefrequenciescanbeobtsinedmoreeasily
thana powerspectrum.Forexample,a tuftprobecouldbeplacedin
thewingwakeandthemeanfrequencycouldthenbeobtainedfrom
motionpicturesofthetuftmovement.

BuffetingMeasurementswithDetectorAirfoils

Worntheresultsofsomeearlierinvestigationsoftailbuf-
feting(ref.22,23),itwasconcludedthatliftfluctuationsmaybe

. obtainedwelloutsidethelimitsofthetotal-headwake.Thisresult
appesrstobeatvariancewiththepresentinvestigationandthatof
reference24. Therefore,itseemsworthwhiletodiscwsthereasons
forthedtiferentconclusions.

Thefactthatrelativelystrongliftfluctuationshavebeen
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detectedbeyondtheregionof.thetotal-headwakeisnotsurprising
.

forseveralreasons.First,theintensityofthefluctuationsobsemed
inreferences22and23wastaken,roughlyspeaking,asthemaximum
amplitudeofthedetectorairfoils.Therefore,thedataobtainedin
thismannerrepresentanupperlimitoftheliftfluctuationsanddo
notnecessarilyrepresenta statisticalaverageofthefluctuations.
Inthepresentinvestigation,itwasgenerallyobsewedthatnearthe
edgeofthetotal-headwke, occasionalburstsofturbulencewerefound
tobenotablylargerthanthegeneralleveloftheturbulentvelocity
fluctuations.Whensuchburstsoccurintheouteredgesofthewake,
a waketidthbasedonmaximumvalueswouldbelarge!rthanthewidth
obtainedfromstatistica~avaageddata.

Evenintheabsenceofsuchbursts,theprofilesinreferences
22and23wouldbebroaderthanthoseofthepresentreportasonly
thelatterareexpressedintermsofmean-squarefluctuations.The
profilesofreferences22and23correspondmorenearlytoMS fluctua-
tions,andRMSvaluesmustnecessarilyfall.offmorerapidlythanmean
squares.

Finallyitisnotedthatthepredominantvelocityfluctuations .
nearthecenterofthewakeoccurathigherfrequenciesthanthose
observedatthewakeedges(figs.26and27).Becauselowfrequency
velocityfluctuationsaremoreeffectivelyconvertedvoliftfluctua- .

tions(ref.3),thelowerfrequenciesfoundintheouterportionsof
a wakearelessattenuatedthanthehighfrequencyenergyinthewake
center.Thiseffectsuppliesanothercontributingcauseforthebreadth
ofthefluctuatingliftprofilespresentedinreferences22and23.

Inordertoillustratetheeffectsjustdiscussed,representative
dataobtainedinthepresentinvestigationhavebeenshowninseveral
differentformsinfigures36to38. Usingthemeasuredpowerspectra
forthedownwashfluctuations,figure36,thefrequencydistribution
ofRMSlifthasbeenestimatedforanairfoillocatedatvsrious
heightsinthewingwake.Thesimulatedhorizontaltailhada chord
equalto20percentofthewingchord.Theformoftheapproximate
admittancefunctionusedtocalculateliftspectraisshowninfigure
3s. Onthebasisofresultsfromreference4,itise~ectedthat
suchanadmittancefunctionisrepresentativeoftheadmittanceof
thesensitiveairfoilsusedbyFerri(ref.23).Theresultingfre-
quencydistributionofRMSliftestimatedinthismannerispresented
infigure38. A comparisonoftherelativeintensitiesobtainedfrom
theR?43liftspectra(fig.38)andtheconventional.angularityspectra
(fig.36)isasfollows: .

—

-.

*

—. —.

--
. . .—
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.

%/c ~ r~. L.

0 1.000 1.000

.22 ● 305 .5’51

.48 .004 .051

FYomthisresult,itisseenthattestsusingsensitiveairfoilswould
beexpectedtoindicategreaterwakewidthsthanthoseobtainedfrom
hot-wiresurveys.Theoccurrenceofbursts,aspreviouslydiscussed,
couldcauseevengreaterdifferencesbetweenliftandangularitydata.

CONCLUSIONS
.

. have
wing

1. Themeansquareofthedownwashfluctuationswasfoundto
approximatelythesamevariationwithverticd.positioninthe
wakeasthatshownbymeasurementsoftotal-headloss.

2* Theintensi@ofdownwashfluctuationsincreasedrapidlywhen
theflowseparatedfrom.thewingsurface.Forthepresenttests,
integrateddomiwashintensityi.noreasedwithapproximatelythe3/2
powerofwingdragcoefficient.

3. Powerspectraforthedownwashvelocityweregeneral@broader
atthelowanglesofattackthanathighangles.Theaveragefre-
quencyinthewakewasproportionaltotheratioofwakevelocityto
wakewidth.%?akewidthappearstobea moresuitableparameterfor
correlatingspectrummeasurementsthantheprojectedairfoilchord.

L. Theouteredgesofthewingwakecontainedrelativelylittle
high-frequencyenergy,~ereastheturbulentenergynesrthewake
centerwasdistributedovera fairlywiderangeoffrequencies.

~. Thektiestructmeatlowanglesofattackappearstobe
muchmoreco@icatedthanforthestalledtifoil,forwhicha vor-
texstreetformsbehindthewing.

6. Powerspectrameasuredatdifferentvelocitieswerefound
tobesimilarwhenfrequencyandpowerspectraldensitywerenon-
dimensionalizedbytheratioofsirfoilchordtofree-streamvelocity,
c/urn.
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.

7* ~ thebasisofcalculatedresults,theexactshapeofthe
turbulentpowerspectrumwasfoundtohavea relativelysmalleffect
ontheRI@Eft ofa tailsurfacelocatedinthewakeofthewing. .
Formulasforpredictingliftassumingisotropicturbulenceshouldgive
satisfactoryresultsiftheturbulentscaleiscorrectlyestimated.

APPENDhA

symbols

Thefollowingsymbolsaredefinedas
bodyofthis~aner.Certtilettershave
mea&g with&~ppendixB inorderto-.16.

a

b

CD

%

c

F(n)

Fl(n)

F2(n)

k

L

n

distancebetweenvortices

breadthofvortexstreet

~.. ...=
ii

.-— .—
,-

theyareusedinthemain
beenusedwithdtiferent

retainthenotationofreference

S?3@Edragcoefficient,~c

liftcoefficient,~“qc

i. m

inthesamerow
.

.

airfoilchord

powerspectral

F(n)=4

-.

densityofa randomvariable;

40

powerspectraldensi~forlongitudinalvelocityinisotro-
picturbulence

powerspectrsldensityfortransversevelocityinisotro-
picturbulence

reducedfrequency,ac/2Um

turbulentmacrosca.le,equations

frequency,Cycles/second —.
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.
nav

TE

t

Um.

u

v

w

w
x

z

.
P

thefirsthsrmonicfrequencyofa vortexstreet

averagewakefrequency,definedasthefrequencywhich
dividesa powerspectrumintotwoequalareas

dynsmicpressure,; pure*

time-correlationfunctionofa randomvariable;

R(z)= u(t)u(t+%)/U*

J

co

R(r)= F(n)cos2nn’rdn
o

trailingedge

wingthickness

free-streamvelocity

longitudinalperturbationvelocity

spanwiseperturbationvelocity

verticalperturbationveloci~

wakewidth

distsncealongstreamdirectionfromwingtrailingedge

verticaldistanceabovecenterlineoftingtrailingedge

angleofattack

vortexstrength

differencebetweenfree-streamandlocaltotalhead

heightabovewakecenter

non-dimensionalfrequency,@Lfim

freestreamdensity
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T time

$(k) ratioofliftatfrequencyk toliftatzerofrequency

.

.

m circularfrequency,2nn

APPENDIXB

ApplicationofStabilityTheorytothePredictionof
Wakel?requencies

Inthisappendixassumptionsunderlyingthestabilitytheoryof
wakes(ref.16)arebrieflyoutlined.Also,certainadditionalformulas
aredevelopedinordertofacilitatecomparisonbetweentheoryand
experiment.

—

Hollingdale(ref.16)considersa meanwakeflowwhosevelocity
relativetothestreamatinfinityis

-_

W.o )
Withtheassumptionofsmalltwo-dimensionaldisturbancesa linear,
homogeneousequationforthedisturbancevelocitiesisobtainedfrom
theincompressibleNavier-Stokesequations.Thestreamfuuction~
maybeassumedperiodic,sothat -..-

* = $(z)eia(x-et)

—

(B2)
.-

Thewavelengthofthedisturbanceis2n/a,andc isthewavevelocity.
Thebasicequationfordeterminingthestabilityofsmalldisturbances
ina wakeorotherregionofshearflowisthen

(U-c)(@-a2$) -UW$=&($’v-2a2@ +ak$) (B3)

1?% thecon@etestabilityequationB3Hollingdalehasdeter-
minedthatthewavevelocityc foranundampeddisturbanceisequal .
tothevalueofU atthepointofinflectionofthevelocityprofile
U(z).Thisresultisvalidforsymmetricalormonotonicprofilesin
whichU approachesa constantforlargez.

.

. .
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ForsufficientlylsrgeReynoldsnumberstheviscoustermsof
equationB3msybeondtted:

(U- c)($n- a2$)- Un$=O m)

Thevelocityprofilemaybe assumedtobeoftheform

u .A(l +~os kz) 0s Izl s Z/k
(B~)

u-o Jzl> St/l
.

wheren/kisthewakesemiwidth,subsequentlydenotedasW/2. The
constantA mustequslthewaveveloci~inorderthatU = c atthe
pointofinflectionUi!= O. Fortheparticularformofprofile
chosenthestreamfunctionmustthereforesatisfytherelations

Theboundaryconditionstobesatisfiedby# arethatitisaneven
functionintheregion

(-~’:)
andthatitapproacheszerofor

largez. Solutionssatisfyingtheseconditionsandthedifferential
equationsB6are

Theseequationsprovidethecharacteristicequationfordetermhing
thewave-lengthparametera if# and$!arerequiredtobe continuous
at,Iz[= n/k:

d~2 2

*-”
&-

2-a

(B8)
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.

Theparameter

wo-~=— (w) -
k 2n/a -—.-

issimplytheratioofthewakewidthtothewavelengthofthedisturb-
ance. TheimportantresultfromequationB8isthatthisratioisa
constantand,infact,hasthenumericalvalue

u = 0.926
.

Disturbancewavesofthetme predicted

(BIO)- –

byHollingdalereacha
pointwhich
frequency

n

isfixedrelative~-th~bodyproducingth=wakewiththe

(Bll) -

.

whereU~ isthefree-streamvelocityandA isthewavevelocity.lk-
troducingHollingdale;sresultfortheproportionalitybetweenwave
lengthandwakewidth,equationB9,providestheexpressionforthe
frequencyofsmillperiodic

(Um -A)cJ
‘=~

disturbances:

(B12)

AlthoughthevalueofthewavevelocityA maybedeterminedas
thevelocityatthepointofinflectionofthevelocityprofile,itis
difficultinpracticetodeterminetheinflectionpointofanexperi-
mentalvelocityprofile.Hence,itisdesirabletohavea morepracti-
cal.methodofestimatingwavevelocity.Thedragmaybeobtainedby
integrationofthetotal-headlossM thesurveyplaneisa sufficient
distancefromthewingtrailingedge: —

—

c, J’+ C@) (B13)
“

‘. -k- :;
-.—

—

—

-.

.—
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Therelationbetweentotsl-headlossandthevelocitydeficitU inthe
wakemaybeobttinedfromBernoulMisequationbyassumingthestatic
pressureinthewakeisequaltothefree-s.tietipressure.

AH
T = +m ()*-+*

WhenequationB~fortheveloci~variation.

(=4)

issubstitutedinto
equati&sB13andu,
dragandwakewidthis

3

a relatio~forthew%e velocityintermsof
obtained:

A
Vm ‘1-w
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